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A  detailed  aerodynamic,  aeromechanical  and  mechanical  design  of  the  high  bypass 
turbofan  fan  stage  selected  during  Phase  I  of  this  program  was  satisfactorily  completed. 
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SECTION  I 


SUMMARY 

This  report  describes  those  efforts  expended  by  the  Contractor  in  Phase  n  - 
Detailed  Design  of  the  High  Bypass  Turbofan  under  USAF  Contract  F-33615-78-C-2060. 

With  the  completion  of  Phase  n,  eleven  months  of  the  twenty-seven  months  of 
effort  associated  with  this  program  have  been  completed.  The  time  to  date  spent  on 
Phase  I  and  Phase  n  has  been  devoted  to  preliminary  design  and  detailed  design 
respectively.  The  fabrication  and  test  phase  remains  to  be  accomplished. 

In  Phase  II,  the  subject  of  this  report,  the  Contractor  has  been  able  to  meld 
the  aerodynamic  and  the  mechanical  requirements  into  a  cohesive  design  which  satisfies 
all  of  the  aero,  aeromechanical  and  mechanical  requirements  imposed  and  which,  inci¬ 
dentally,  comes  quite  close  to  the  design  originally  proposed  for  this  program. 

The  report  which  follows  -  the  second  Interim  Technical  Report  associated  with 
this  Contract  -  documents  fully  the  specific  investigations  carried  out  as  part  of  the 
detailed  design  effort.  The  organization  of  the  report  is  as  follows: 

o  Fan  aerodynamic  parametric  studies 
o  Fan  aeromechanical  parametric  studies 

o  Fan  aerodynamic  design 

o  Fan  aeromechanical  analysis 

o  Fan  mechanical  detail  design 

Other  topics  covered  in  this  report  include  discussions  of  test  equipment  and 
reliability,  maintainability  and  systems  safety. 
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SECTION  n 


INTRODUCTION 


The  current  primary  trainer  (T-37)  fleet  is  approaching  the  end  of  its  useful  life 
and  will  necessitate  the  development  of  replacement  aircraft  in  the  near  future.  In 
light  of  the  current  awareness  of  life  cycle  cost  and  decreasing  fuel  reserves,  the 
replacement  aircraft  must  have  a  fuel  efficient  engine  as  the  propulsion  system,  i.  e. , 
modern  turbofan  engine.  Technology  in  the  large  turbofan  engines  has  been  well 
demonstrated,  but  little  has  been  done  in  the  size  applicable  to  a  twin-engine  primary 
trainer  aircraft.  Today,  there  is  sufficient  effort  to  provide  the  necessary  technology 
for  the  development  of  the  engine  with  the  exception  of  the  fan  component,  ft  is  the 
objective  of  this  program  to  develop  such  a  fan  using  the  latest  compressor  technology. 

Phase  I  -  Preliminary  Design  was  successfully  completed,  as  reported  in  the 
first  interim  technical  report,  including  the  identification  of  fan  design  objectives 
required  for  a  small  turbofan  engine  intended  to  power  the  future  Air  Force  Primary 
trainer. 

This  document  presents  the  second  interim  technical  report  on  the  High  Bypass 
Turbofan  Program  describing  the  technical  work  which  was  done  under  Phase  n  - 
Detailed  Design  in  accordance  with  the  Contract  Statement  of  Work.  Specifically,  a 
detailed  design  of  the  fan  component  was  generated  based  upon  the  Phase  I  preliminary 
design.  Trade-off  studies  between  aerodynamic  design  and  mechanical  design  were 
performed.  The  detailed  design  addressed  to  the  design  requirements  of  MIL-E-5007D 
with  special  emphasis  on  foreign  object  tolerance,  distortion  and  low  cycle  fatigue. 

In  recognition  of  the  successful  completion  of  Phase  II  Detailed  Fan  Design  AFAPL 
has  authorized  the  execution  of  Phase  m  -  Fabrication  and  Test  of  the  Detailed  Fan  Design. 
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SECTION  m 

DESCBIPTION  AND  RESULTS  OF  PHASE  H  TECHNICAL  WORK 

The  following  subsections  provide  details  of  the  technical  work  performed 
in  accordance  with  Phase  II  of  the  Statement  of  Work  and  the  significant  results 
obtained. 

3. 1  FAN  AERODYNAMIC  PARAMETRIC  STUDIES 

This  subsection  describes  the  aerodynamic  parametric  studies  and  trade¬ 
offs  which  were  carried  out  to  achieve  the  performance  objectives  in  a  practical 
and  cost  effective  manner. 

3.1.1  Description  of  Parametric  Studies 

The  first  phase  of  the  detailed  design  of  the  High  Bypass  Fan  was  to  perform 
parametric  studies  of  the  important  aerodynamic  design  parameters.  The  objective 
of  these  fan  aerodynamic  parametric  studies  are  the  following: 

o  Determine  effect  of  fan  design  parameters  on  fan  performance. 

o  Utilize  aerodynamic  parametric  study  trends  for  trade-off 
studies  with  aeromechanical  and  mechanical  parametric 
studies. 

o  Select  values  of  fan  design  parameters  for  best  balanced  fan 
design. 

i 

The  standards  used  to  evaluate  each  of  the  fan  design  parameters  are  listed 
in  Table  1  and  reflects  a  desire  to  select  the  best  balanced  fan  design  for  the  trainer 
engine  configuration  as  defined  in  Phase  I. 

The  parametric  studies  utilized  a  pitchline  compressor  model  to  estimate 
the  effect  of  the  design  variables  on  fan  efficiency  and  stall  margin.  The  details 
of  the  aerodynamic  model  used  in  the  parametric  study  are  described  in  Table  2. 

Eleven  parameters  were  selected  for  the  parametric  study.  These  are  listed 
in  Table  3.  The  range  studied  reflects  judgement  based  on  GE  experience  with  other 
fans  and  the  results  of  the  preliminary  parametric  studies  used  for  the  proposal. 

The  base  point  values  for  the  aerodynamic  parametric  studies  are  compared 
to  those  in  the  proposal  in  Table  4.  The  values  were  selected  to  be  in  the  center  of 
the  range  studied. 

Certain  parameters  were  held  constant  during  the  parametric  studies.  These 
are  listed  in  Table  5.  The  correct  airflow  and  average  pressure  ratio  were  selected 
in  Phase  1  of  the  High  Bypass  Fan  contract.  The  fan  does  not  have  an  inlet  guide  vane 
to  reduce  cost  and  complexity.  Fan  discharge  swirl  was  set  equal  to  0°  for  good  duct 
performance.  Rotor  tip  clearance  reflects  GE  experience  with  similar  fan  designs. 
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TABLE  2.  AERODYNAMIC  MODEL 
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TABLE  5.  PARAMETRIC  STUDY  CONSTANTS 
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Stator  clearance  was  set  equal  to  zero  since  the  stator  was  supported  at 
both  ends.  The  blade/vane  surface  finish  was  selected  to  be  24  RMS 
to  assure  good  performance  at  a  reasonable  cost.  The  blade  thickness 
reflects  a  preliminary  aeromechanical  analysis  made  for  the  proposal. 

3.1.2  Parametric  Study  Results 

The  effect  of  each  fan  design  parameter  on  fan  stall  margin  and  efficiency 
was  determined  by  individually  varying  each  parameter  about  the  baseline  values 
to  the  limit  of  the  range.  The  results  of  these  perturbations  are  presented  in  the 


following  figures: 

PARAMETER  FIGURE 

Rotor  tip  wheelspeed  1 

Flow  per  annulus  area  2 

Rotor  inlet  radius  ratio  3 

Rotor  discharge  axial  velocity  4 

(rotor  area  convergence) 

Fan  discharge  Mach  No.  5 

Rotor  aspect  ratio  6 

Stator  aspect  ratio  7 

Rotor  solidity  8 

Stator  solidity  9 


The  effects  of  various  fan  parameters  on  fan  stall  margin  and  efficiency 
are  summarized  in  Table  6.  Lowering  the  flow  per  annulus  area  improved  stall 
margin  and  efficiency.  Efficiency  is  improved  by  lowering  rotor  tip  wheelspeed, 
rotor  discharge  axial  velocity  or  rotor  solidity,  but  at  the  expense  of  stall  margin. 

A  review  of  the  internal  details  of  the  fan  flow  field  indicated  that  flow 
conditions  were  most  severe  in  the  hub  region.  Therefore,  special  attention  was 
directed  towards  reducing  the  severity  of  conditions  in  the  hub  which  could  increase 
the  risk  of  not  meeting  the  performance  predicted  by  the  model.  These  conditions 
examined  are: 

o  Rotor  hub  discharge  relative  angle 

o  Stator  hub  inlet  Mach  No. 

o  Stator  hub  diffusion  factor 

It  is  desirable  that  the  rotor  hub  discharge  relative  air  angle  be  positive. 
The  combination  of  a  high  stator  hub  inlet  Mach  No.  and  high  stator  hub  diffusion 
factor  was  considered  risky  and  so  either  one  or  both  should  be  reduced  to  improve 
efficiency.  Reducing  the  stator  hub  diffusion  factor  would  also  help  stall  margin 
potential. 

The  fan  performance  should  be  balanced  against  inner  duct  performance  to 
assure  good  engine  performance.  The  prime  considerations  would  be: 
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Figure  1.  Kotor  Ti|>  Wheel  Speed  aircraft  engine  group 
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Figure  5.  Fan  Discharge  Mach  No 
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Figure  7.  Htalor  Aspect  Italic  airchae  t  engine  group 
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Kimire  8.  Rotor  Solidity  aircraft  engine  group 


o  Stator  discharge  Mach  No. 

o  Stator  discharge  Hub  Radius 

For  the  trainer  fan  configuration  defined  in  Phase  I,  a  stator  hub 
discharge  radius  greater  than  4. 5  inches  would  require  a  longer  duct  or 
more  gooseneck  than  previous  GE  fan-compressor  ducts. 

The  effect  of  the  fan  design  parameters  on  fan  hub  conditions  and 
intercompressor  duct  are  presented  in  the  following  figures: 


PARAMETER 

FIGURE 

Rotor  tip  wheelspeed 

10 

Flow  per  annulus  area 

11 

Rotor  inlet  radius  ratio 

12 

Rotor  discharge  axial  velocity 

13 

Fan  discharge  Mach  No. 

14 

A  summary  of  the  effects  of  various  fan  design  parameters  on  the  fan 
hub  flowfield  and  stator  discharge  hub  radius  is  given  in  Table  7.  It  shows 
that  increasing  rotor  tip  wheelspeed  and  rotor  inlet  radius  ratio  or  decreasing 
flow  per  annulus  area  help  the  fan  hub  flow  conditions.  Increasing  flow  per 
annulus  area  or  decreasing  rotor  inlet  radius  ratio  and  stator  discharge  Mach 
No.  reduce  fan  discharge  hub  radius. 

The  concept  of  flaring  the  casing  over  the  rotor  and/or  stator  was  also 
explored  during  the  parametric  studies.  Figure  15  illustrates  the  concept  of 
flaring.  The  flared  rotor  has  a  higher  discharge  radius  for  a  given  set  of 
through-flow  velocities  and  so  the  rpm  can  be  reduced  to  maintain  discharge 
wheelspeed.  Consequently,  the  inlet  Mach  No.  and  the  associated  losses  are 
reduced. 

The  effect  of  rotor  casing  flaring  on  fan  efficiency  and  stall  margin  is 
shown  in  Figure  16.  Rotor  casing  flaring  improves  stall  margin  but  fan 
efficiency  is  lower.  Lowering  the  rotor  tip  wheelspeed  improves  the  efficiency, 
but  gives  up  some  of  the  stall  margin  gained  by  flaring.  The  fan  discharge  hub 
radius  is  much  higher  with  the  flared  casing. 

Stator  casing  flaring  did  not  alter  flow  field  parameters  and  so  it  is  not 
shown.  The  fan  discharge  radius  is  higher  with  stator  casing  flaring. 

The  parametric  study  indicated  that  rotor  casing  flaring  improves  stator 
hub  inlet  Mach  Number  and  stator  bub  diffuser  factor  (Figure  17).  But  lowering 
the  rotor  tip  wheelspeed  gives  up  some  of  the  gains  due  to  flaring.  Considerations 
of  curvature  effects  not  accounted  for  in  parametric  model  would  raise  stator  hub 
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3. 2  FAN  AERO-MECHANICAL  PARAMETRIC  STUDIES 


This  subsection  describes  the  aeromechanical  parametric  studies 
necessary  to  serve  as  a  basis  for  selecting  a  fan  design  mutually  compatible  with 
aerodynamic/aeromechanical/mechanical  program  design  objectives.  Parametric 
studv  results  for  the  selected  fan  configuration  are  presented  and  evaluated. 

3.2.1  Fan  Aeromechanical  Design  Objectives 

Advanced  turbofan  technology  tends  toward  higher  performance,  lighter 
weight  and  lower  cost.  The  resulting  aerodynamic  design  trends  impose  greater 
challenges  for  both  the  aerodynamic  and  aeromechanical  design  analysis  areas. 
Furthermore,  optimization  to  improve,  or  provide  for,  certain  mechanical  design 
features  -  e.g. ,  airfoil  resistance  to  ingestion/FOD  damage  -  can  be  in  direct 
opposition  to  optimization  for  aerodynamic  considerations.  Therefore,  it  is 
necessary  that  the  fan  design  be  carefully  derived  and  all  design  parameters  fully 
exercised  in  order  to  achieve  a  balance  between  both  aerodynamic  and  aeromechanical 
objectives.  The  requirements  relative  to  mechanical  performance  and  the  criteria 
established  to  insure  achieving  these  performance  goals  are  identified  in  Tables  9 
and  10  respectively. 

3.2.2  Parametric  Studies 


The  design  of  the  fan  blade  and  vane  airfoils  is  derived  from  an  iterative 
process.  The  basic  performance  requirements  and  program  goals  establish  a 
preferred  selection  (or  preferred  range)  of  radius  ratio,  tip  speed,  aspect  ratio 
and  solidity.  The  aeromechanical  rationale  for  choosing  amongst  these  parameters 
is  embodied  in  the  influence  that  each  has  in  contributing  to  the  attainment  of  the 
goals/criteria  established  for  the  design.  Values  for  the  design  parameters 
mentioned  previously  are  chosen  to  give  the  most  favorable  mechanical  results  of 
frequency,  stress,  stability.  The  blade  geometry,  to  include  area,  camber  and 
stagger  distribution  is  then  utilized  to  obtain  the  desired  mechanical  design  objec¬ 
tives.  For  example,  Figure  18  shows  in  parametric  fashion  the  method  used  to 
size  airfoils  for  2/rev  avoidance  and  what  the  attendant  stability  (reduced  velocity 
parameter)  implications  are.  Note  that  the  parameters  of  tip  speed  (Ut)»  root 
aspect  ratio,  average  radius  ratio  and  blade  geometry  all  can  be  manipulated  to 
identify  mutually  acceptable  values  for  attaining  both  the  aerodynamic  and  mechanical 
design  goals.  In  like  fashion,  Figure  19  employes  the  same  parametric  philosophy  to 
select  airfoil  design  parameters  consistent  with  achieving  objectives  with  respect  to 
high  cycle  fatigue  capability.  Advantage  can  be  taken  of  relative  geometric  size 
relationships  between  rotor  and  stator  designs,  as  shown  in  Figure  20,  to  obtain 
optimum  panel  mode  resonant  placement  characteristics.  This  might  have  consti¬ 
tuted  the  bulk  of  the  design  problem  were  it  not  for  the  requirement  to  satisfy  the 
MIL  spec  bird  ingestion  criteria.  In  addressing  to  the  MIL  spec.  Table  11  outlines 
the  requirements  and  identifies  the  related  general  considerations/concems.  Because 
the  GE26/F4  frontal  area  is  165  in.  2,  only  4  oz.  and  2  lb.  bird  sizes  are  relevant. 
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TABLE  9.  MECHANICAL  PERFORMANCE  REQUIREMENTS 
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TABLE  10.  AEROMECHANICAL  CRITERIA 
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RELATIVE  ROTOR/STATOR  ASPECT  RATIO  SEtECTIOty 
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Figure  20.  Method  for  Airfoil  Frequency  Control  aircraft  engine  group 
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MORE  SEVERE  AERO/WEIGIIT  PENALTIE 


Related  to  Table  11  is  a  graphical  presentation  of  the  criteria  requirements. 

Figure  21  showing  quite  distinctly  the  penalty  that  the  requirement  imposes  on 
the  smaller  engine.  For  instance,  a  6"  diameter  fan  blade  would  be  expected 
to  have  a  4  oz.  bird  reside  over  90%  of  the  blade  span,  whereas,  the  same 
size  bird  resides  over  only  10%  of  the  blade  span  for  a  28"  diameter  fan  blade. 
Similar  examples  can  be  constructed  for  the  larger  bird  sizes.  This  implies 
that  smaller  engines  have  higher  risks  of  suffering  severe  gross  blade  deforma¬ 
tion.  The  consideration  discussed  in  this  section,  and  which  the  design  analysis 
procedure  addresses  to  is  airfoil  separation  under  impact  loading,  specifically, 
fracture  and  fragmentation.  The  rationale  is  to  avoid  the  spectre  of  creating 
potential  severe  secondary  damage/non-containment  due  to  airfoils  exiting  the 
fan,  thus,  decreasing  the  potential  damage  attributed  to  bird  ingestion  and 
improving  the  ability  of  the  fan  to  recover  power. 

The  elements  in  the  analytical  formulation  of  the  bird  impact  problem 
are  developed  by  considering,  in  order,  Figures  22-24  and  Table  12.  The  most 
important  elements  contained  in  this  approach  are  the  bird  approach  angle  and 
footprint  shown  in  Figure  22.  The  "slicing"  action  which  occurs  during  bird 
impact  is  shown  schematically  in  Figure  23.  As  the  bird  velocity  is  increased 
relative  to  the  blade  velocity,  the  bird  is  sliced  into  fewer  pieces,  i.e. ,  fewer 
blades  impacted.  One  final  observation  based  on  Figures  22  and  23  is  that  if  the 
bird  velocity  were  equal  to  the  air  velocity,  no  footprint  would  result  since  the 
bird  approach  angle  is  essentially  equal  to  the  leading  edge  metal  angle.  Obviously, 
the  smaller  the  bird  footprint,  the  smaller  the  pressure  load  exerted  on  the  airfoil; 
translating  to  an  increased  airfoil  tolerance  to  bird  impact.  Throughout  the  discus¬ 
sion  on  bird  impact,  the  structural  parameter  used  to  identify/compare  impact 
tolerance  is  material  shear  strength.  As  identified  in  Figure  24  and  Table  12,  the 
bird  impact  load  is  theorized  to  be  resisted  in  shear.  Comparison  of  this  developed 
shear  stress  under  impact  to  the  material  shear  capability  is  the  governing  factor 
in  identifying  the  acceptability  cf  a  given  design. 

A  very  basic  ingredient  of  the  bird  impact  problem  is  a  determination  of 
the  impact  conditions  which  are  to  be  imposed  upon  the  airfoil.  Considerations 
such  as  bird  size,  bird  velocity,  impact  location  all  must  be  evaluated,  and 
appropriate  decisions  arrived  at  using  the  MIL  spec  input.  In  general,  impact 
at  the  blade  tip  location  during  aircraft  takeoff  or  descent  represents  the  most 
severe  impact  condition  as  depicted  in  Figure  25. 

The  culmination  of  this  analytical  procedure  is  embodidied  in  the  para¬ 
metric  shown  in  Figure  26  depicting  the  iterative  method  utilized  to  insure  that 
the  fan  blade  design  incorporated  sufficient  thickness  (at  the  extremities  of  the 
bird  footprint)  to  prevent  fragmentation.  This  figure  is  derived  using  the  assump¬ 
tions  rationalized  by  Figure  25,  i.  e. ,  bird  velocity  of  150  fps  and  impact  at  blade 
tip  region.  Based  on  a  given  bird  velocity,  choosing  a  blade  speed  at  the  reference 
(or  impact)  location  produces  a  bird  approach  angle.  Combining  a  leading  edge 
metal  angle  with  the  bird  approach  angle,  recognizing  the  bird  size  (bird  diameter), 


AIRCRAFT  INQINI  GROUP 


GENERAL  ELECTRIC  COMPANY 


39 


GRAPHICAL  REPRESENTATION  OF  MIL-SPEC  WITH  PERSPECTIVE 
OH  EXTENT  OF  AIRFOIL  PRESSURIZATION  ZONE 


...  ...  „  OINtHAl  fclECTRIC  COMPANY 

Figure  21.  Airfoil  Pressurization  Due  To  Bird  Strike  aihcham  engine  group 
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Approach  Angle  and  "Footprint"  aircraft  engine  group 
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TABLE  12.  BIRD  STRIKE  PROBLEM/SOLUTION  FORMAT 
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produces  a  footprint.  This  derived  footprint  then  implies  an  impact  pressure 
load  which  then  sets  a  shear  area  such  that  the  developed  shear  stress  does  not 
exceed  the  material  shear  strength  capability. 

Another  aspect  of  the  parametric  study  is  the  airfoil  material  selection 
process.  The  information  contained  in  Table  13  depicts  the  rationale  for  choosing 
among  the  available  material  options  based  on  identified  aeromechanical  considera¬ 
tions.  Both  the  shear  strength  capability  and  the  modulus  of  toughness  (ability  to 
absorb  energy  in  the  plastic  range)  pertain  to  the  bird  impact  problem,  and  as  such, 
are  weighted  very  heavily  given  equivalent  high  cycle  fatigue  (HCF)  capability. 

The  overstress  capability  is  of  importance  as  it  addresses  to  airfoil  stall  capability 
and  was  not  considered  on  the  same  level  of  significance  as  the  other  parameters 
especially  for  a  product  design. 

The  final  aspect  of  the  design  evolution  procedure  involved  the  rotor  blade 
airfoil  attachment.  Having  arrived  at  a  reasonable  airfoil  design,  an  airfoil  load 
and  radial  position  are  now  available.  The  problem  then  addresses  to  whether 
sufficient  area  exists  in  which  to  design  a  dovetail  form  capable  of  supporting  the 
airfoil  load.  As  suggested  by  the  data  depicted  in  Figure  27,  the  GE26/F4  airfoil 
and  flowpath  constraints  result  in  a  nominal  blade  dovetail  neck  stress  of  50  Kpsi 
due  to  centrifugal  effects.  This  is  considered  an  undesirably  high  level  since  dove¬ 
tail  axial  position,  airfoil  bending  loads  and  stress  concentration  effects  could  easily 
double  that  value.  The  blisk  (integral  blade  disc)  design  was  utilized  in  order  to 
alleviate  this  attachment  stress  problem.  A  side  benefit  of  the  blisk  construction  is 
that  it  allows  a  lighter  airfoil  weight.  Satisfying  the  forced  vibration  objectives, 
namely  first  flex  2/rev  margin,  tends  to  set  the  airfoil  area  distribution.  With  a 
low  airfoil  inlet  radius  ratio,  conventional  dovetails  have  long  shanks  thus  providing 
significant  bending  flexibility.  This  flexibility  acts  to  reduce  the  blade  design 
frequency  and  must  be  compensated  for  by  increasing  the  airfoil  frequency,  i.  e. , 
more  area  thus  more  weight. 
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Figure  27.  Method  for  Selecting  Blade  Airfoil  Attachment  aircraft  engine  group 


3.  3  FAN  AERODYNAMIC  DESIGN 


This  subsection  describes  the  approaches  and  execution  of  the  detailed 
fan  aerodynamic  design  based  upon  the  combination  of  the  preceding  Fan  Aero¬ 
dynamic  and  Fan  Aeromechanical  Parametric  Studies. 

3.3.1  Effect  of  Birdstrike  Requirement  on  Fan  Performance 

The  requirement  that  the  fan  be  able  to  withstand  bird  ingestion  per  MIL 
Spec  5007D  leads  to  thicker  rotor  airfoils  than  one  would  normally  design.  It  is 
then  desirable  to  select  fan  design  parameters  such  that  the  thickness  increase  is 
minimized. 

The  velocity  vector  diagram  in  Figure  28  shows  the  velocity  and  direction 
of  a  bird  striking  the  rotor  and  compares  that  to  the  air  velocity  /direction  and  to 
the  blade  metal  angle.  CZair  is  primarily  a  function  of  flow  per  annulus  area. 

The  diagram  is  used  to  determine  the  velocity  component  normal  to  the  airfoil, 
and  hence  the  force  on  the  airfoil,  and  to  study  ways  to  reduce  that  force.  Design 
parameters  available  to  reduce  the  force  are  the  wheelspeed  U,  flow/annulus  area 
(determines  CZair)  and  blade  incidence. 

The  velocity  triangles  in  Figure  28  were  used  to  determine  the  blade  thick¬ 
ness  required  to  meet  bird  strike  requirements  as  a  function  of  rotor  wheelspeed 
and  rotor  inlet  metal  angle.  Then  aerodynamic  parametric  study  results  were 
used  to  determine  lines  of  constant  flow  per  annulus  area  for  a  specified  incidence 
(Figure  29).  The  curve  shows  that  flow  per  annulus  area  is  the  most  important 
parameter  to  reduce  blade  thickness  for  bird  strike.  The  final  selection  of  design 
parameters  requires  less  thickness  than  the  proposal  configuration  would  have 
required. 

The  resultant  axial  thickness  distribution  of  the  high  bypass  fan  blade  is 
shown  in  Figure  30. 

hi  order  to  understand  the  impact  of  the  thickened  blade  on  fan  design/ 
performance,  it  is  necessary  to  review  the  blade-to-blade  design  parameters. 

The  blade  passage  design  parameters  are  defined  in  Figure  31.  The 
region  forward  of  the  first  covered  wave  (FCW)  determines  the  maximum  airflow. 
It  is  desirable  to  keep  AM  as  small  as  possible  to  minimize  total  blade  passage 
diffusion.  The  internal  area  contraction  from  the  mouth  to  the  throat  must  be 
minimized  to  assure  that  the  shock  structure  is  "started."  The  discharge  area 
must  be  large  enough  to  achieve  the  desired  work  input. 

The  suction  surface  incidence,  defined  in  Figure  32  is  used  to  set  the  blade 
forward  of  the  first  covered  wave  to  assure  adequate  flow  capability. 
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The  effect  of  the  birdstrike  requirement  on  blade  passage  design  is 
illustrated  in  Figure  33  by  superimposing  a  blade  designed  to  meet  bird  strike 
over  a  blade  with  conventional  thickness  distribution.  The  meanline  angle 
must  be  lowered  forward  of  the  first  covered  wave  to  maintain  the  suction 
surface  and  flow  capacity.  The  rapid  increase  in  thickness  aft  of  the  leading 
edge  closes  the  pressure  surface  and  hence  it  is  more  difficult  to  maintain 
low  internal  area  contraction  and  to  keep  the  throat  forward.  The  blade 
angle  must  be  opened  more  rapidly  aft  of  the  mouth  to  control  blade  passage 
area. 

The  leading  edge  wedge  angle  is  larger  for  the  high  bypass  fan  thickness 
distribution  than  for  a  typical  fan  thickness  distribution.  The  leading  edge  bow 
shock  is  pushed  forward  when  the  wedge  angle  exceeds  the  maximum  wedge  angle 
for  attached  shock,  creating  higher  losses  (Figure  34). 

The  effects  of  meeting  the  bird  strike  requirement  are  summarized  in 
Table  14. 

3.3.2  Selected  Configuration 

The  final  selection  of  fan  aerodynamic  design  parameters  is  tabulated 
in  Table  15. 

The  principle  reasons  for  the  selection  of  each  of  the  design  parameters 
are  given  in  Tables  16,  17,  and  18. 

The  important  design  conditions  of  the  final  GE26/F4  fan  are  compared 
to  the  values  of  the  proposal  in  Table  19.  In  general,  the  final  configuration  is 
very  similar  to  that  of  the  proposal.  The  most  significant  change  is  the  reduction 
in  flow/annulus  area  to  reduce  the  thickness  necessary  to  meet  the  MIL  Spec  5007D 
bird  ingestion  requirement. 

3.3.3  Fan  Axi symmetric  Flowfield  Specification 

The  final  selection  of  fan  aerodynamic  parameters  were  used  to  generate 
an  axisymmetric  flow  model  of  the  fan.  The  axisymmetric  model  was  then  used 
to  study  the  radial  and  axial  distribution  of  the  various  design  parameters  to  obtain 
a  well  balanced  fan  design. 


The  final  flowpath  of  the  high  bypass  fan  is  given  in  Figure  35.  The  forward 
portion  of  the  rotor  hub  is  scalloped  to  provide  more  throat  margin.  The  hub  flow- 
path  near  the  rotor  discharge  through  the  stator  was  contoured  to  control  the  hub 
Mach  No.  The  conical  spinner  prevents  ice  buildup  on  the  spinner.  The  leading  edge 
of  the  stator  is  3wept  at  the  ID  to  help  control  losses  due  to  the  high  stator  hub  inlet 
Mach  No. 
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TABLE  10.  REASONS  FOR  FINAL  DESIGN  SELECTION 


PARAMETRIC  CONFIRMED  ORIGINAL  CHOICE 


AERODYNAMIC  DESIGN  PARAMETERS 


I 


62 


GENERAL  ELECTRIC  COMPANY 
AIRCRAFT  ENGINE  GROUP 


GENERAL  ELECTRIC  COMPANY 
AIRCRAFT  ENGINE  GROUP 


"\ 


2 

2 

« 

a 

a 


£-> 

1 

s2 

>4 

< 

2 

fa 


-O 


2 

O 

H 

< 

U 

s 

J 

< 

K 

< 


C-  ®  IO 


*<  «  N 


o 


saiavH 


J 


65 


GENERAL  ELECTRIC  COMPANY 

Figure  35.  Final  Aerodynamic  Flow  Path  aircraft  engine  group 


The  rotor  and  stator  discharge  profiles  of  pressure  ratio  and  adiabatic 
efficiency  are  shown  in  Figure  36.  The  average  bypass  stream  pressure  is 
1. 75  and  the  average  core  stream  pressure  is  1. 80  at  the  stator  discharge. 

The  rotor  total  pressure  loss  coefficient  (PT2  -  PT1)/(PT1  -  PS1)  used 
in  the  design  is  shwn  in  Figure  37.  The  profile  and  level  of  loss  coefficient 
reflects  experience  on  similar  GE  fans,  when  operating  at  the  same  tip  Mach  No. 
with  adjustment  for  differences  in  radial  distributions  of  Mach  No.  and  loading 
level  profiles.  The  stator  total  pressure  loss  coefficient  used  in  the  design  is 
shown  in  Figure  38. 

The  percent  cumulative  change  in  total  temperature  used  to  define  the 
axisymmetric  flow  field  within  the  rotor  is  shown  in  Figure  39.  The  tempera¬ 
ture  is  imparted  to  the  flow  on  the  aft  portion  of  the  blade  at  the  tip,  since  the 
blade  must  be  kept  closed  forward  of  the  mouth  to  control  passage  area  and 
suction  surface  Mach  No.  The  nearly  linear  rate  of  work  input  at  the  hub  reflects 
the  high  hub  slope  of  the  rotor. 

The  percent  cumulative  change  in  stator  air  angle  used  to  define  the 
axisymmetric  flow  field  within  the  stator  is  shown  in  Figure  40.  The  stator 
angle  change  follows  a  quarter  sine  wave  distribution  at  the  OD,  but  the 
turning  is  removed  further  aft  at  the  ID  to  control  the  suction  surface  Mach  No. 
at  the  stator  inlet  where  the  inlet  Mach  No.  is  very  high. 

Figure  41  shows  that  the  rotor  diffusion  factor  is  reasonable  everywhere. 
Rotor  hub  diffusion  factor  is  very  low.  The  stator  diffusion  factor  is  reasonable 
everywhere  (Figure  42).  Careful  attention  was  paid  to  stator  hub  diffusion  factor 
during  parametric  studies  selection.  Hub  flowpath  and  axial/radial  distribution 
of  stator  turning  were  tuned  during  the  axisymmetric  flow  studies  to  reduce 
diffusion  factor. 

The  rotor  inlet  and  discharge  relative  air  angles  are  shown  in  Figure  43. 

The  rotor  discharge  angle  at  the  hub  is  .5°.  The  stator  inlet  and  discharge  angle 
are  shown  in  Figure  44.  The  air  is  turned  back  to  axial  at  the  stator  discharge. 

The  rotor  relative  inlet  Mach  No.  is  shown  in  Figure  45.  The  stator 
absolute  inlet  Mach  No.  is  shown  in  Figure  46.  The  stator  inlet  Mach  No.  reaches 
.99  locally  at  the  ID.  The  absolute  Mach  No.  at  the  discharge  of  the  stator  is 
shown  in  Figure  47.  The  average  discharge  Mach  No.  is  .54,  but  the  Mach  No.  of 
the  core  stream  is  about  .6. 

The  ratio  of  discharge  axial  velocity  to  inlet  axial  velocity  across  the  rotor 
is  shown  in  Figure  48.  There  is  considerable  streamtube  contraction  across  the  hub, 
due  to  the  high  value  of  rotor  annulus  area  convergence  required  for  the  high  hub 
boost  pressure  profile.  The  axial  velocity  is  nearly  constant  across  the  stator,  as 
shown  in  Figure  49. 
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Figure  44.  Stator  Inlet  and  Discharge  Angles  aircraft  engine  group 
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Figure  46.  Stator  Absolute  Inlet  Mach  No.  aircraft  engine  group 
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Figure  47.  Stator  Discharge  Absolute  M  ich  No.  aircraft  engine  group 
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Figure  49.  Stator  Axial  Velocity  liatio  Profile  aircraft  engine  group 


3.. 3. 4  Detailed  Blade  Design 

The  detailed  blade  design  was  performed  by  analysis  of  blade  passages 
along  streamlines  to  determine  the  best  blade  shape  to  meet  the  fan  performance 
objectives.  Radial  variations  of  parameters  such  as  chord  and  thickness  were 
iterated  with  the  aeromechanical  design  to  achieve  a  good  balance  between 
aerodynamic  and  aeromechanical  design  objectives. 

The  radial  distribution  of  rotor  chord  is  shown  in  Figure  50.  The 
average  chord  was  selected  during  the  parametric  studies.  The  radial  distribu¬ 
tion  of  chord  was  set  to  provide  higher  solidity  in  the  tip  and  pitch  region  and  to 
provide  an  adequate  covered  passage  at  the  tip,  but  reduce  the  chord  at  the  hub 
where  the  diffusion  is  very  low.  The  increase  in  chord  from  tip  to  pitch  also 
provides  sweep  which  may  reduce  shock  losses  in  the  high  Mach  No.  tip  region. 

The  resulting  radial  distribution  of  rotor  solidity  is  shown  in  Figure  51. 

The  radial  distribution  of  stator  chord  is  shown  in  Figure  52.  The  average 
chord  was  set  by  the  parametric  studies.  The  hub  chord  is  larger  than  the  tip  chord 
to  reduce  the  diffusion  factor  and  to  assure  adequate  stall  margin.  The  resultant 
radial  distribution  of  stator  solidity  is  shown  in  Figure  53. 

The  radial  distribution  of  rotor  maximum  thickness  to  chord  ratio  is  shown 
in  Figure  54.  The  radial  distribution  of  stator  maximum  thickness  to  chord  ratio 
is  shown  in  Figure  55.  Both  rotor  and  stator  tm/c  distributions  were  selected  to 
achieve  satisfactory  stress  and  vibration  characteristics  with  the  least  impact  on 
aerodynamic  performance. 

The  radial  distribution  of  rotor  incidence  is  shown  in  Figure  56.  The 
selection  of  tip  incidence  reflects  a  good  balance  to  meet  design  flow  capacity 
(desire  high  incidence)  and  birdstrike  and  stall  margin  (desire  lower  incidence) 
requirements.  The  pitchline  incidence  was  selected  to  provide  zero  incidence 
on  the  suction  at  the  leading  edge.  The  hub  incidence  provides  adequate  throat 
margin. 

The  radial  distribution  of  stator  incidence  is  shown  in  Figure  57.  The 
level  was  chosen  primarily  for  optimum  efficiency.  The  low  tip  (OD)  incidence 
should  help  stall  margin  while  the  high  hub  (ID)  incidence  helps  throat  margin. 

The  radial  variation  of  rotor  deviation  is  shown  in  Figure  58.  The 
deviation  general  follows  Carter's  rule,  but  is  adjusted  to  account  for  secondary 
flow  and  to  assure  adequate  discharge  area  for  supersonic  flow  sections.  The 
radial  variation  of  stator  deviation  is  shown  in  Figure  59.  The  deviation  is 
based  on  Carter's  rule. 

The  rotor  meanline  angles  are  shown  as  a  function  of  percent  axial 
projection  for  each  streamline  in  Figure  60.  Rotor  streamline  camber  and 
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stagger  are  shown  as  a  function  of  stream  function  in  Figure  61.  The 
streamline  values  of  camber  and  stagger  will  differ  from  stagger  and  camber 
used  for  aeromechanical  analysis  and  manufacturing  which  are  defined  on  plane 
sections  cut  through  the  stacking  axis.  The  rotor  streamline  blade-to-blade 
passage  shapes  are  shown  for  tip  pitch  and  hub  in  Figures  62,  63,  and  64, 
respectively.  The  rotor  blade  passage  area  ratios  are  shown  in  Figure  65.  The 
ratio  AT/AI  to  that  for  normal  shock  at  Ml  indicates  throat  margin.  The  ratio 
AT/AM  vs  MM  is  blade  passage  internal  contraction  and  indicates  whether  the 
shock  structure  can  operate  in  the  started  mode.  The  ratio  AT/AD  vs  MD 
indicates  whether  the  blade  will  provide  the  desired  work  input.  The  rotor  suction 
surface  incidence  angle  is  shown  in  Figure  66. 

The  stator  meanline  metal  angles  are  shown  as  a  function  of  percent  axial 
projection  for  each  streamline  in  Figure  67.  Stator  streamline  camber  and 
stagger  are  shown  as  a  function  of  stream  function  in  Figure  68.  The  stator  tip 
streamline  blade-to-blade  passage  shapes  are  shown  to  OD,  pitch  and  ID  in 
Figures  69,  70,  and  71. 

The  vane  passage  throat  to  inlet  area  ratio  is  shown  in  Figure  72  as  a 
function  of  inlet  Mach  No.  and  indicates  throat  -margin. 
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3.4  FAN  AEROME CHANIC A L  ANALYSIS 


This  subsection  describes  the  detailed  aeromechanical  design-analysis 
procedure  essential  to  provide  a  basis  for  the  selection  of  a  final  fan  design 
which  simultaneously  satisfies  the  prime  aerodynamic  (aeromechanical/mechanical 
design  objectives  including  MIL-E-5007D.  The  detailed  analytical  results  and 
trade-offs  involved  in  the  selected  final  fan  design  are  presented. 

3.4.1  Fan  Rotor  Design  Analysis 

Having  proceeded  through  the  iteration/parametric  cycle  and  arrived  at 
a  mutually  satisfactory  aerodynamic/aeromechanical/mechanical  design,  a 
detailed  design  analysis  was  conducted  for  the  rotor  airfoil.  This  analysis 
identified  the  stress,  vibration,  stability  characteristics  and  the  bird  impact 
tolerance  of  the  chosen  airfoil  design.  It  also  determined  the  airfoil  geometry 
modifications  necessary  to  achieve  the  design  objectives  imposed  upon  the  design. 

A  description  of  the  airfoil,  in  terms  of  pertinent  aerodynamic  parameters  and 
geometry  plots,  is  shown  in  Figure  73.  The  frequency,  stability  and  stress 
characteristics  are  shown  in  Figures  74,  75,  and  76,  respectively.  In  addressing 
to  the  FOD  tolerance  of  a  fan  blade,  a  fundamental  approach  is  to  insure  that  the 
leading  edge  is  close  to  or  in  compression  due  to  centrifugal  effects.  This  maxi¬ 
mizes  the  ability  of  damaged  edges  to  absorb  stress  risers  and  minimizes  crack 
growth  rates.  Since  tangentail  tilt  can  be  incorporated  to  place  the  leading  edge  in 
compression.  Figure  76  shows  the  implications  of  incorporating  airfoil  tilt. 

While  the  tangential  tilt  helps  the  leading  edge,  i.  e. ,  place  more  of  the  leading 
edge  in  compression,  it  increases  the  root  convex  stress  to  an  undesirable  level. 
For  this  reason,  tilt  was  not  considered  to  be  an  effective  ingredient  in  the  airfoil 
design. 


Evaluation  of  the  airfoil  design  for  bird  impact  tolerance,  Figure  77,  suggests 
that  ingestion  of  a  4  oz.  bird  impacting  the  blade  tip  area  at  takeoff  conditions 
satisfies  the  design  intent.  Specifically,  the  bird  impact  would  be  expected  to 
develop  shear  stress  levels  ( •'f' max)  no  greater  than  the  material  shear  strength 
capabiltiy  ('T' crit).  This  suggests  the  avoidance  of  having  airfoil  fragments  punched 
out  of  the  airfoil.  As  the  engine  is  throttled  back  or  the  bird  speed  is  increased, 
(cruise  type  flight  conditions)  the  bird  impact  problem  becomes  less  severe  as  shown 
by  the  lower  developed  shear  stress  levels.  Since  a  4  oz.  bird  is  expected  to  reside 
over  40%  of  the  blade  span,  placing  the  bird  centroid  at  80%  span  implies  that  the 
bird  footprint  extends  radially  from  the  blade  tip  to  60%  blade  height  -  thus,  the 
notation  of  bird  impact  at  80%  span  for  the  4  oz.  bird  fragmentation  problem.  Also 
noted  is  the  number  of  blades  (as  a  percentage  of  20)  expected  to  be  impacted.  The 
significance  here  is  that  a  great  many  blades  could  undergo  severe  damage/deforma¬ 
tion.  For  a  given  size  engine,  as  the  bird  weight  is  increased,  the  impact  problem 
shifts  from  one  of  preventing  loss  of  airfoil  fragments  to  one  of  avoiding  loss  of 
entire  airfoils.  For  the  GE26/F4  design,  this  is  the  situation  when  addressing  to 
ingestion  of  2  lb.  vs.  4  oz.  bird  sizes.  Because  the  2  lb.  bird  is  expected  to  reside 
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over  80%  of  the  blade  span,  this  suggests  a  fracture  (loss  of  entire  airfoil) 
rather  than  a  fragmentation  problem.  As  such,  Figure  77  also  presents  the 
results  of  the  fracture  analysis  suggesting  that  the  developed  shear  stress 
( ff  max)  remains  lower  than  that  needed  for  fracture  ult).  Once  again, 
the  concern  is  the  number  of  blades  impacted  with  some  blades  undergoing 
multiple  hits  from  the  same  bird,  i.  e. ,  it  takes  more  than  one  wheel  revolu¬ 
tion  to  ingest  the  whole  bird.  The  large  number  of  blades  impacted  combined 
with  the  relatively  large  footprint  size  raises  the  spectre  of  very  severe  airfoil 
damage/deformation.  The  fan  blades  may  remain  intact  but  be  incapable  of 
sustaining  very  much  of  a  flow  pumping  capability.  The  rationale  then  for 
designing  small  engines  for  ingestion  tolerance  to  large  birds  may  be  counter¬ 
productive  -  that  is,  severe  weight/performance  penalties  are  required  to 
contain  fan  airfoil  damage  to  a  level  where  reasonable  post  strike  flow  pumping 
capabilities  exist.  Even  then,  experimental  data  would  be  the  key  ingredient 
since  the  analytical  evaluation  procedure  would  be  questionable  at  best. 

3.4.2  Fan  Stator  Design  Analysis 

The  main  ingredient  in  the  design  evolution  of  the  fan  stator  is  the 
avoidance  of  forced  vibration  problems  through  frequency/stimulus  control. 

As  such,  fewer  iterations  are  required  to  identify  a  mutually  satisfactory  design. 

A  description  of  the  vane  airfoil  in  terms  of  pertinent  aerodynamic  parameters 
and  geometry  plots  is  shown  in  Figure  78  with  the  resulting  frequency  charac¬ 
teristics  shown  in  Figure  79.  The  design  objective  for  the  selected  vane  configura¬ 
tion  is  to  avoid  fundamental  mode  resonances  excited  by  the  rotor  passing  frequency 
(20/rev)  in  the  high  engine  speed  region,  and  to  insure  that  the  fundamental  bending 
and  torsion  modes  are  uncoupled.  The  uncoupling  of  the  modes  indicated  will  be 
done  by  insuring  that  the  mechanical  construction  of  the  vane  attachment  has 
sufficient  foundation  flexibility  so  as  to  suppress  the  airfoil  bending  mode  frequency 
while  at  the  same  time,  rendering  the  torsion  mode  frequency  unaltered.  Design  of 
the  vane  attachment  scheme  is  still  underway,  but  no  problems  are  expected. 
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STATOR  CAMPBELL  DIAGRAM 


3. 5  FAN  MECHANICAL  DETAIL  DESIGN 


3.5 . 1  Fan  Blisk  Overall  Design 

A  full  scale  cross  section  of  the  high  bypass  turbofan  blisk  is  shown  in 
Figure  SO.  The  disk  design  takes  advantage  of  the  fact  that  absence  of  blade  dove¬ 
tails  allows  the  blisk  rim  to  carry  substantial  circumferential  stresses.  Thus 
the  disk  bore  diameter  could  be  increased  significantly  resulting  in  a  lightweight 
design. 


Torque  transfer  from  the  drive  shaft  into  the  blisk  occurs  via  a  bolted 
flange  using  ten  1/4"  high  strength  hook  bolts. 

The  blisk  was  designed  to  represent  flight  type  hardware.  The  requirement 
of  instrumentation  lead  routing  in  the  component  vehicle  dictates  a  slightly  different 
aft  flange  configuration.  However  the  flange  can  be  rewo  rked  to  update  the  demon¬ 
strator  fan  blisk  into  a  flight  type  engine  part.  Figure  81  shows  the  similarity  between 
demonstrator  and  flight  type  designs.  Detail  blisk  drawing  number  17A138-297 
has  been  issued  for  procurement  purposes  in  Phase  m. 

3.5.2  Fan  Blisk  and  Spinner  Stress  Levels 

The  high  bypass  turbofan  blisk  stress  analysis  was  performed  using  the 
following  guidelines: 

o  Rim  load  distribution  non  uniform  in  axial  direction.  Load 

distribution  from  aeromechanical  design  calculations  uprated  to 
103%  NG. 

o  Blisk  in  combination  with  spinner  modeled  for  finite  element  stress 
analysis.  Boundary  condition  in  zero  axial  movement  at  rear  bolt 
circle. 

o  Large  bore  radius  chosen  to  load  up  rim  and  thus  to  keep  weight 
down.  Design  is  not  limited  by  bore  stresses  but  by  overspeed 
requirements. 

o  Blisk/spinner  fit  was  chosen  such  that  interference  increases  with 
increasing  speed. 

The  results  of  the  stress  analysis  are  summarized  in  Figure  82.  Conclusions 

are: 


o  Stresses  are  well  within  the  capabilities  of  the  chosen  material  (see 
Para.  3.5.3). 

o  Interference  fit  at  blisk/spinner  interface  plus  loads  introduced  into 
the  spinner  result  in  acceptable  stresses  in  the  spinner. 
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Figure  80.  Fan  Blisk  Full  Scale  Cross  Section  aircraft  engine  group 


demonstrator 


Demonstrator  a 


3.5.3  Fan  Blisk  Material  Selection 


I 
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Selection  of  the  high  bypass  turbofan  blisk  material  was  based  on  the 
following  criteria: 

o  cost 

o  weight 

o  fatigue  strength 

o  material  and  process  availability 

o  FOD  and  corrosion  resistance 

o  sand  erosion  resistance. 

With  these  criteria  in  mind  four  material  candidates  were  evaluated,  a 
summary  of  this  study  is  shown  in  Table  20. 

GE  AM355  was  selected  because  it  possesses  the  best  balance  of  the  desired 
criteria  and  is  predictably  available  from  several  reliable  vendors. 

3.5.4  Fan  Exit  Guide  Vane  Overall  Design 

The  fan  exit  guide  vane  airfoils  which  resulted  from  the  aeromechanical 
analysis  were  integrated  into  an  assembly  which  becomes  a  part  of  the  test  rig. 

The  overall  design  of  the  exit  guide  vane  assembly  is  shown  in  Figure  S3. 

The  assembly  consists  of  42  individually  machined  vanes  with  integral  outer  and 
inner  platforms.  The  vanes  are  assembled  with  .  004  nominal  gaps  all  around. 
Mating  surfaces  of  select  exit  guide  vanes  will  be  ground  until  the  cylindrical  aero 
outer  flowpath  is  met.  After  final  assembly  and  tack  welding  the  part  will  be  brazed 
to  yield  a  full  360°  vane  ring.  Design  advantages  of  the  chosen  design  are  shown  in 
Figure  83.  Detail  fan  exit  guide  vane  drawing  number  17A  138  -  325  has  been 
issued. 


3.5.5  Fan  Exit  Guide  Vane  Material  Selection 

The  airfoil  material  selection  process  followed  the  same  general  procedure 
as  that  described  for  the  blade  (Table  20).  The  major  ingredients,  however,  in  the 
selection  process  were  high  cycle  fatigue  (HCF)  and  over  stress  capability.  For 
this  reason  the  choices  involved  INCO  718  and  A286.  The  choi?a  of  A286  was  arrived 
at  considering  cost  and  machineability. 

3.5.6  Fan  Weight 

The  total  fan  weight  was  estimated  in  the  Phase  I  preliminary  design  report 
to  be  43  lbs.  The  weight  calculation  of  the  proposed  design  shows  this  estimated 
weight  to  be  correct.  _ 
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Several  major  MIL-E-5007  requirements,  applicable  to  the  high  bypass 
turbo  fan  design  are  listed  in  Table  21.  According  to  this  table  all  listed  require¬ 
ments  are  met. 


3. 6  TEST  EQUIPMENT  INTERFACE  AND  DESIGN  INTEGRATION 


3.6.1  Design  Philosophy 

The  fan  component  test  rig  is  being  designed  by  the  Test  Facilities 
Engineering  Group  using  the  following  guidelines: 

o  Use  a  simple,  rugged  and  inexpensive  design  without  attempting  to 
simulate  flight  type  designs. 

o  Use  a  two  bearing  design  test  vehicle  similar  to  the  GE26/F2  vehicle 
which  ran  very  successfully.  Bearings  consist  of  a  kingsbury  thrust 
bearing  in  the  rear  and  a  roller  bearing  in  the  front. 

3.6.2  Fan  Interface  With  Test  Rig 

Figure  84  shows  the  high  bypass  turbofan  stage  as  it  will  be  installed  in  a 
test  rig  which  will  be  set-up  in  an  existing,  proven  fan  test  facility.  The  Test 
Facilities  Engineers  are  supported  by  the  fan  design  engineers  to  assure  compati¬ 
bility  with  the  fan  and  to  help  achieve  design  objectives  during  the  component  test. 
The  component  test  rig,  currently  in  its  preliminary  design  phase  will  satisfy  the 
following  ground  rules. 

o  Meet  engine  outer  and  inner  flowpath  from  spinner  through  EGV 

o  Blisk  to  be  per  engine  configuration.  EGV  airfoils  will  be  per 

engine  configuration  but  the  EGV  assembly  will  be  designed  to 
conform  to  test  rig  configuration. 

o  Emphasis  to  be  given  to  aerodynamic  simulation  and  good  instru¬ 
mentation  routing. 

o  Use  existing  test  facility  and  rig  hardware  wherever  possible. 

3.6.3  Test  Rig  Design 

The  front  end  of  the  preliminary  design  is  shown  in  Figure  84.  The  back  end 
consists  of  previously  used  hardware  modified  for  the  high  bypass  turbofan  applica¬ 
tion.  The  roller  bearing  is  an  existing  J85  engine  bearing.  A  layout  drawing, 
Number  17A138-274  has  been  issued  to  show  the  blisk  and  EGV  aerodynamic  rela¬ 
tionship  and  flowpath. 
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3.7  RELIABILITY,  MAINTAINABILITY.  AND  SYSTEMS  SAFETY 

Interim  Technical  Report  #AFAPL-TR-78-109  (Phase  I  Preliminary  Design) 
concluded  that  the  proposed  fan  design  had  satisfactory  R&M  and  Safety  characteristics. 
Since  the  detailed  mechanical  design  recommended  now  in  this  report  is  essentially 
the  same  as  the  design  shown  in  the  Phase  I  preliminary  design  report,  it  is  concluded 
that  the  R&M  and  Safety  requirements  are  satisfied.  For  example,  the  engine  maintaina¬ 
bility  feature  of  forward  blisk  removal  without  exposure  of  bearing-sump  is  included  in 
the  component  test  rig  design. 
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SECTION  IV 


CONCLUSIONS 


The  objectives  of  the  Detail  Design,  Phase  n  of  the  Contract  Statement  of  Work, 
have  been  met,  confirming  that  the  required  aerodynamic  performance  as  well  as 
MIL-E-5007D  mechanical  requirements  can  both  be  met  simultaneously. 

Further,  the  comparison  (in  Table  19)  of  the  important  design  parameters  versus 
those  of  the  originally  proposed  fan  show  close  agreement. 

The  High  Bypass  Turbofan  design  balanced  the  aerodynamic  and  aeromechanical 
requirements  for  an  operational  fan  to  be  used  in  the  engine  selected  in  Phase  I  so  that 
the  original  proposed  efficiency  and  stall  margin  objectives  can  be  met. 


SECTION  V 
RECOMMENDATIONS 


The  small  high  bypass  fan,  designed  during  Phase  II  of  this  contract,  meets  the 
aerodynamic  and  mechanical/life  requirements  of  the  Statement  of  Work,  and  therefore 
the  Contractor  recommends  that  the  Air  Force  authorize  the  fabrication  and  test  of  the 
fan  stage  in  accordance  with  Phase  HI.  (This  recommendation  was  acted  upon  on 
7  May  1979  when  the  Contractor  was  authorized  to  proceed. ) 

The  Contractor  recommends  that  the  Air  Force  consider  a  critical  assessment  of  the 
MIL-E-5007D  specification  of  bird  strike  capability  as  it  applies  to  relatively  small  engines. 
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ABBREVIATIONS.  ACRONYMS.  AND  SYMBOLS 


AD 
A1 
AM 
AR 
AT 
bird 
1 

1* 

2 

Cz  air 
Cz  bird 
$ 

DFh 

DFS 

FCW 

FOD 

g 

H 

HCF 

i 

ID 

J 

LE 

Md 

Ml 

Mm 

N 

O/L 


discharge  area 
inlet  area 
mouth  area 
aspect  ratio 
throat  area 
relative  angle  of  bird 
inlet  relative  air  angle 
inlet  relative  metal  angle 
discharge  relative  air  angle 
axial  velocity  of  air 
axial  velocity  of  bird 
corrected  pressure 
rotor  diffusion  factor 
stator  diffusion  factor 
first  covered  wave 
foreign  object  damage 
gravitational  constant 
enthalpy,  BTV/lb 
high  cycle  fatigue 
incidence 

suction  surface  incidence 
inner  diameter 
778  ft-lb/BTU 
leading  edge 
discharge  Mach  No. 
inlet  Mach  No. 
mouth  Mach  No. 
rotational  speed,  RPM 
operating  line 
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ABBREVIATIONS.  ACRONYMS.  AND  SYMBOLS 


OD 

= 

outer  diameter 

PS1 

- 

inlet  static  pressure 

PS 

- 

pressure  surface 

PT1 

- 

inlet  total  pressure 

PT2 

= 

discharge  total  pressure 

RR 

a 

radius  ratio 

RTin 

a 

inlet  tip  radius 

RTout 

- 

discharge  tip  radius 

SS 

a 

suction  surface 

jr 

= 

corrected  temperature 

tm/C 

= 

maximum  thickness/chord 

U 

a 

wheelspeed,  ft/sec 

Ut 

= 

tip  wheelspeed,  ft/sec 

w 

a 

airflow 

W/A 

a 

airflow/annulus  area 

Wair 

a 

relative  velocity  of  air 

Wbird 

a 

relative  velocity  of  bird 

Wnor 

a 

relative  velocity  component  of  bird  normal  to  blade 
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